The use of millimeter wave (mmWave) spectrum for commercial wireless communications is expected to offer data rates in the order of Gigabits-per-second, thus able to support future applications such as Vehicle-to-Vehicle or Vehicleto-Infrastructure communication. However, especially in urban settings, mmWave signal propagation is sensitive to blockage by surrounding objects, resulting in significant signal attenuation. One approach to mitigate the effect of attenuation is through multi-hop communication with the help of relays. Leveraging the unique characteristics of the mmWave medium, we consider a single-source/destination 2-hop system, where a cluster of spatially distributed and reconfigurable relays is used to cooperatively amplify-and-forward the source signal to the destination. Our system evolves in time slots, during which not only are optimal beamforming weights centrally determined, but also future relay positions for the subsequent time slot are optimally selected, jointly maximizing the expected signal-to-interference+noise ratio at the destination. Optimal predictive relay positioning is achieved by formulating a 2-stage stochastic programming problem, which is efficiently approximated via a conditional sample-average-approximation surrogate, and solved in a purely distributed fashion across relays. The efficacy of the proposed near-optimal positioning policy is corroborated by comparison against a randomized relay positioning policy, clearly confirming its superiority.
I. INTRODUCTION
The fifth generation (5G) of commercial wireless networks will use frequencies from the millimeter wave (mmWave) spectrum [1] for outdoor communication. The larger bandwidth allocation will allow for data rates in the order of Gigabits-per-second (Gbps), which can support potential 5G applications such as Vehicle-to-Vehicle (V2V) or Vehicleto-Infrastructure (V2I) communication. However, especially in urban environments, exploiting the full potential of the mmWave spectrum requires a number of challenges to be overcome [2] , the most crucial of which is their sensitivity to blockage from surrounding objects, e.g. high-rise buildings [3] , [4] , [5] . Actually, in urban settings, mmWaves propagate in Line-of-Sight (LoS) directions along street canyons, reflecting off buildings constructed of concrete and glass [6] , in a way analogous to ray optics. Moreover, since mmWaves also attenuate faster than sub-6 GHz signals, appropriate beamforming is needed to compensate for the propagation path-loss [7] .
When the signal's path is blocked, relaying can provide alternative paths for the signal to reach its destination. By relaying the blocked signals, a larger coverage area in the network is achieved [8] , [7] , [9] . Determining the available and capable relays to support such a multi-hop transmission to the destination requires appropriate signaling and scheduling [10] . The communication overhead multi-hop transmission brings, along with other drawbacks such as increased energy consumption and potential security issues, have promoted the use of 2-hop solutions when possible [11] .
In this paper, we propose a new joint beamforming and adaptive relay positioning scheme which supports mmWave communications in an urban environment using a 2-hop cooperative relay network. More specifically, we consider a given cluster of spatially distributed relays, initially deployed on distinct road segments and at street level with the communication endpoints, that collaboratively beamform towards the destination such that the perceived Quality-of-Service (QoS), in terms of expected signal-to-interference+noise ratio (SINR), is maximized. Each individual relay of the cluster is physically constrained to be located at a discrete set of positions along a segment. The proposed dynamic positioning scheme can be viewed either as a static relay/antenna selection problem (e.g., an access point with multiple distributed antennas), or a mobile relay positioning problem (in the spatially controlled spirit of [12] ). Actually, our adaptive positioning scheme is not tied to the particular implementation. Therefore, hereafter, we use the terms relay and antenna interchangeably.
We note that an important issue due to the cooperative nature of our scheme, is carrier synchronization between the relays and the destination. In principle, this can be mitigated using protocols proposed for sub-6 Ghz frequencies [13] ; those will have to be adapted to the mmWave regime, in order to calibrate carrier phase offsets. Synchronization can also be achieved through an optical fiber backhaul network connecting the relays with each other [14] .
Under the proposed urban communication setting, this paper makes the following contributions:
1) We formulate the propagation model for the given network topology, efficiently utilizing the diversity of the alternative signal paths arriving at a relay or the destination. Our model accounts for time and space evolving path-loss, shadowing and multi-path effects, both in amplitude and phase. Specifically for the segments that contain relays, we propose a new channel correlation kernel describing the space-time evolution of the shadowing process, which effectively models the statistical dependencies of the corresponding source-relay and relay-destination channels.
2) Inspired by [12] , the joint relay positioning and beamforming task is formulated as a 2-stage distributed stochastic program, executed in a sequential fashion, assuming a timeslotted system. At every time slot, the optimal beamforming weights are centrally determined, whereas each relay predicts its future position for the subsequent time slot, in a distributed fashion. We propose a near-optimal relay positioning policy, based on the Sample Average Approximation (SAA) method [15] , which results in a tractable optimization problem, solved seperatly at each relay, formulated via conditional Monte Carlo sampling. Our numerical simulations confirm the success of the proposed approach, by showing its profound superiority against a random relay positioning policy.
II. MMWAVE URBAN CHANNEL MODEL
Our considered urban city topology is shown in Fig. 1 . The circles depict the respective numbered intersections I i , i = 1, . . . , 36. The edges connecting two intersections represent street canyons, and are refereed to as a full segment of length d f ull . The signal source of the network is located at p S , the set of relays are placed at positions p r , r = 1, . . . , N R , and the destination node is located at p D . All nodes are equipped with a single directional antenna to compensate for the mmWave path-loss. The relays are physically constrained to be positioned only to a discrete set of possible locations in the neighborhood C (p r ) along the segment they are initially placed, but cannot be located on an intersection. Due to assumed blockage by high-rise buldings, the signal sent from p S to p D is able to propagate only by traversing the street segments of Fig. 1 . The set of segments traversed from p S to p D is called the propagation path of the mmWave signal. We adapt the convention of [16] , where LoS and Non-LoS (NLoS) indicate the traversed order of the segments in a propagation path, such that all propagation paths are those that travel along the LoS segment in the direction towards the receiver (see Fig. 1 ).
Let L f r be the number of all possible signal paths from p S to the segment of relay r = 1 . . . , N R . Under the flat fading assumption, at a point p in the segment of relay r, the complex channel gain from p S to p r along path i = 1, . . . , L f r can be decomposed as [17] 
where f P L ri (p) is the path-loss component, f SH ri (p, t) the large-scale fading component (shadowing), and f MF ri (p, t) the small-scale fading component (multi-path). A similar decomposition holds for the physical channel from p r to p D , i.e., there are L g r possible signal paths, while for path i = 1, . . . , L g r , the channel can be decomposed as g ri (p, t). The Manhattan distance (in meters) from p S to p r is d f r = p S − p r 1 , while from p r to p D it is d g r = p r − p D 1 . Each propagation path from p S to p r consists of K f r segments, i.e., 1 LoS segment, K f r − 2 full segments, and 1 upon which p r is located. In accordance to the free space model, every individual segment has a path-loss term. We also assume an additional loss ∆ observed at every intersection, i.e. every path exhibits an intersection loss ∆ · N f r , where N f r are the number of traversed intersections from p S to p r . Therefore, the overall path-loss component of the channel is expressed as
where d rij denotes the length of segment j of path i. With that in mind, d ri1 is the LoS portion of the path,
We assume a relay is never located on an intersection, so d riK f r = 0. Similarly, every segment of the path has its individual shadowing and multi-path terms. For both the LoS and NLoS cases, we assume a log-normal distribution for modeling the shadowing and multi-path fading [5] . So, the overall shadowing and multi-path components of the channel are respectively
where s rij and q rij are the shadowing and multi-path terms of segment j = 1, . . . , K f r , that belong to path i from p S to p r . Working in the log-scale of (1), we define
where
We also assume a phase term e j2πφrij for each segment of the path, where each φ rij is uniformly distributed in [0, 1]. Then, the channel f ri (p, t) can be reconstructed as 
The channel paths f ri , i = 1, . . . , L f r are statistically dependent, as they might traverse common segments. Still, it is natural to model the shadowing terms β F rij (t) across segments as mutually independent random variables, both in space and time. However, for a specific segment j of path i, β F rij (t) is itself zero mean and jointly Gaussian in time, with the correlation between time slots k and l given by
where η 2 is the shadowing power and γ the correlation time.
Likewise, the shadowing term β F riK f r (p, t) corresponding to the segment containing relay r is assumed to be jointly Gaussian in space and time. Specifically, we assume that r can be located at a discrete set of δ positions within the segment. At two such positions p m and p n , the spatial correlation of the shadowing follows Gudmundson's model [18] , which we extend to also describe temporal correlations between time slots k and l. The assumed ensemble correlation model is
We further assume that, for a segment containing a relay, the channels f ri and g ri at positions p m and p n are themselves correlated between time slots k and l, according to the kernel
where d o = d riK f r (k) + d riK g r (l) and d max is the furthest possible distance between two discrete positions in a segment. Intuitively, this kernel describes the correlation between the two channels as a result of their proportional overlap due to the relay positioning. Further details on the rationale of (12) will be given in an extended journal version of this work.
III. OPTIMAL RELAY POSITIONING WITH BEAMFORMING
We adapt the 2-stage stochastic programming approach of [12] , which optimally selects beamforming weights and relay or antenna positions in every time slot. The rationale behind this approach is to decompose the optimization task at each time slot into a beamforming stage and a relay control stage.
A. 2-hop mmWave Cooperative Communication
Although it is possible that only a single segment between p S and p D exists, in general, relays are needed to assist the communication. The whole network operates for N T time slots, or operates infinitely in N T length windows.
At each time slot t = 1, . . . , N T , the source at p S transmits the signal √ P S s(t), where s(t) is the information symbol with E[|s(t)| 2 ] = 1, and P S > 0 the transmission power. The signal received at each relay is R r
is the noise at relay r. Working in an Amplify-and-Forward (AF) fashion, each relay then modulates the received signal R r (t) by a complex weight w r (t) and re-transmits it. We should note that a mmWave signal arriving at p D from a propagation path that was not forwarded from a relay is considered to be of negligible power and therefore not taken into consideration. The signal received at the destination is
where n D (t) ∼ CN (0, σ 2 D ) is the noise at p D . As explained earlier, the relays are synchronized, so their transmitted signals reach the destination at the same time.
B. Optimal Beamforming
We extend the relay beamforming schemes studied in [19] , [20] , to the significantly more complex setting of urban mmWave relay networks. Here, beamforming is considered for enforcing relay cooperation, such that all individual signal paths forwarded from all relays are combined constructively at the destination.
In particular, at time slot t, the goal is to obtain the relay beamforming weights w(t) = [w * 1 (t), . . . , w * NR (t)] T ∈ C NR×1 , such that the SINR at p D is maximized subject to a total power budget of the relays. We consider the vectors
r = 1, . . . , N R . Then, the SINR is maximized by solving [19] maximize
where, after removing (p, t) for brevity,
The scalar P C > 0 is the available transmission power of all the relays and 1 the all ones vector. The optimal value of (16) can be expressed as [19] , [12] 
where S r (p r , t) is a vector of all random variables describing the shadowing, multi-path, and phase terms of the unique segments traversed from all paths through p r . The optimal beamforming vector that achieves (20) is [19] w
where λ max is the normalized principal eigenvector operator.
C. Optimal Myopic Relay Positioning
At time slot t, optimal (in some sense) relay positions at t+1 should be decided, such that V (t + 1) is maximized. However, exact knowledge of V (t + 1) would require knowledge of the channel state information (CSI) at t + 1, for all feasible relay positions. As this information is not available, a reasonable causal criterion for optimal relay positioning is to maximize the MMSE predictor E[V (t+1)|C r (T t )]. From (20) , this means that each relay r independently solves
where p r (1) is the initial positioning decision at t = 1, and C (p r (·)) constitutes the neighborhood around p r (·), within which the relay is physically constrained to be positioned. At every p ∈ C (p r (t)), the objective of (22) can be expressed as
where p Sr (p,t+1)|Cr(Tt) constitutes the joint pdf of all random variables of vector S r (p, t + 1), conditioned on C r (T t ). These consist of Gaussian random variables corresponding to the sum of the shadowing and multi-path channel components, with mean zero and covariance matrix derived from (10), (11) , (12) , as well as independent uniform in [0, 2π] random variables corresponding to the phase components. Since a closed-form representation of the objective of (22) is impossible to derive, we resort to an approximate, nearoptimal approach. In particular, we rely on the SAA method, which replaces (22) by an easily computable surrogate, based on conditional Monte Carlo sampling.
For every individual relay r, the SAA method proceeds as follows. First, a total of N S SAA scenarios are generated for vector S r (·, t + 1), drawn from the distribution p Sr(·,t+1)|Cr(Tt) . Then, at every candidate position p ∈ C (p r (t)), each scenario S (i) r , i = 1, . . . , N S is used to evaluate V I (S (i) r ). The SAA of (22) is formulated as
which may be solved by enumeration. The optimal solution of (24) corresponds to the relay position chosen at t + 1. The proposed 2-stage scheme is described in Algorithm 1. Beamforming (2nd stage of t-th slot) 4: Compute optimalŵ(t) from (21) 5: Relay Positioning (1st stage of (t + 1)-th slot) 6: for each p ∈ C (p r (t)) do Choose p r (t + 1) ∈ argmax p∈C (pr(t)) V I (p) 11: end for
IV. SIMULATIONS
In this section, we examine the performance of our 2stage relay positioning scheme using synthetically generated CSI. For our simulations, we assume the topology and relay placement that is depicted in Fig. 1 . All segments are of length d f ull = 100m. The segments containing relays are divided into δ = 50 discrete positions upon which the relay can be located. The channel parameters are a L = a N = 1.5, η 2 = 100, γ = 15, β = 20, σ D = 1. The transmission power is P S = 100dB and the total relay power budget is P C = 100dB.
To assess the long term system performance using the SAA approach, we compare it against two benchmark relay positioning policies. The first is the oracle policy, where at time slot t each relay is also aware of its immediate future CSI at t + 1, and chooses, from all possible candidate relay positions along its segment, the one that maximizes the quantity V I (S r (·, t + 1)). Clearly, this policy is not implementable in reality, but nevertheless provides an upper bound on the performance of any admissible policy. The second benchmark policy is the agnostic one, where the relay randomly chooses its subsequent position within the assumed neighborhood, irrespective of the observed CSI. If the neighborhood is unconstrained (that is, the whole segment), this policy provides a lower bound for any relay positioning policy.
All three relay policies were executed for N T = 50 time slots, with N S = 500 SAA scenarios. This constitutes one trial of the whole communication task. Initially, we consider the case of an unconstrained neighborhood (for the SAA and agnostic policies). For each positioning policy, the QoS achieved in each time slot was averaged over 10000 trials, as shown in Fig. 2a . The superiority of the SAA policy is evident, as it achieves on average 9.76dB higher SINR than the agnostic policy, while also performing on average 3.52dB worse than the oracle. In Fig. 2b , a similar experiment is shown, where now a smaller positioning neighborhood is considered, in the range [p r (t) − 16m, p r (t) + 16m]. We observe that, on average, the SAA performs 8.16dB better than the agnostic, as well as it being 5.92dB away from the oracle. Note that, in this case, the agnostic policy is no longer a universal lower bound, as it is possible its neighborhood is different from that of SAA.
V. CONCLUSION
This paper considered a set of spatially distributed relays that cooperatively enhances mmWave communications in an urban environment. The assumed 2-hop network operates in a time slotted fashion. We have proposed a dynamic relay positioning scheme, guaranteeing maximal QoS in every observed time slot. This was achieved by solving a 2-stage stochastic programming problem, where relay beamforming weights and positions are optimally updated, on a per time slot basis. Relay positions are determined using a conditional SAA-based surrogate approach, resulting in a near-optimal positioning policy, which is implemented in a distributed fashion, locally at each relay. The effectiveness of our approach is established via numerical simulations, which corroborate its superiority against an CSI-agnostic, purely randomized relay positioning policy, as well as its efficiency relative to a reference benchmark oracle policy.
